Stability of breadmaking quality of four Croatian bread winter wheat cultivars was investigated using rheological traits from the farinogram (dough development time, stability, degree of so�ening, water absorption, Hankoczy quality number) and the extensogram (extensibility, maximum resistance, ratio of resistance to extensibility, energy) and the indirect traits (protein content, wet gluten content, Zeleny sedimentation volume, Hagberg falling number). Stability was evaluated for four cultivars grown in 12 environments in different parts of Croatia. Four stability parameters, covering a wide range of statistical approaches, were used to estimate cultivar stability. Variability for the stability of quality among cultivars was established. The cultivars Kuna and Banica showed high performance for most quality traits and were also identified as stable for the majority of them. The cultivar Žitarka was stable for four farinogram traits showing high level of performance only for dough development time, while Marĳa showed stability for only three traits but with unfavourable mean values for all of them. The largest contribution of genotype by environment effects in the total sum of variance components was found for the farinogram traits stability and dough development time, while the lowest, but similar to each other for protein content and wet gluten content.
Stability of wheat quality traits over locations and years is important for the milling and baking industry whose processing technology requires constant quality of raw material.
Breadmaking quality traits follow a dynamic concept of stability, meaning that performance may change from environment to environment but in a predictable way (Becker and Leon 1988) . According to this concept, genotypes with a small contribution to the genotype by environment variance (G × E) are more stable than genotypes with larger contribution.
Genotypes, environments and their interaction are known to have influence on the quality traits of wheat grain. Numerous investigations have been conducted on the influence of environmental conditions such as growing-season temperature (Smith and Gooding 1999) , temperature fluctuations of daily average and their durability (Borghi et al. 1995) , temperature and humidity during grain fill (Peterson et al. 1998) , moisture deficit (Guttieri et al. 2001) , distribution of precipitation (Salinger et al. 1995) , nitrogen fertilisation (Anderson et al. 1998 , Monaghan et al. 2001 , sowing time and sowing rate (Anderson et al. 1998 ) on particular quality traits. The results of these investigations showed that environments have an influence on quality traits, and, in some environmental conditions the direction of influence on the trait is known. However, it is the cultivar that responds to the growing conditions and several researches have shown evidence for variation in genetic responses to environments for the various measures of end-use quality (Grausgruber et al. 2000 , Barić et al. 2001 . From previous investigation (Fišter and Petričević 1999) it is evident that the quality of cultivars has been decreasing if the cultivars were grown for many years. It is therefore necessary to substitute such cultivars with the new, stable ones.
Stability of the cultivar is important and can certainly not have negative influence on the mean values of the traits. Therefore, the important goal for the breeders is to find cultivars with good and stable quality -not only to provide quality raw material for end-users, but also to provide parents in the future crosses. Stable cultivars can also be used as checks for stability in the future investigations.
The objectives of this study were: to determine the contribution of genotype, environment and G × E interaction to the variation observed, in particular to quality traits, and to estimate the qual-ity stability of four Croatian bread winter wheat cultivars in twelve different environments.
MATERIAL AND METHODS

Wheat cultivars and environments
Four cultivars of winter wheat used in this study were created through different breeding programs in Croatia (Table 1) . Žitarka and Marija were released in the 80's and have been widely spread out in commercial production in Croatia. Žitarka is a quality check in the official state trials, and Marija has quite stable grain yield, but recently its breadmaking quality has been decreasing. Kuna and Banica are newer cultivars with an average yielding ability and higher breadmaking quality compared to the check cultivar Žitarka. Four wheat cultivars were grown in unreplicated field plots on farmer's land at three locations (L) (Hrastelnica-southwestern Croatia, Ramanovci-eastern Croatia and Savska Ves-northwestern Croatia) in the vegetation years Table 2 .
Quality traits
Stability of breadmaking quality was investigated using indirect and rheological (farinogram, extensogram) traits. Indirect parameters were the protein content (PC) determined by the Kjeldahl method (N concentration × 5.7), wet gluten content (WGC) (ICC standard method 137), Zeleny sedimentation volume (ZSV) (ICC standard method 116), and Hagberg falling number (HFN) (ICC standard method 107). Rheological parameters namely dough development time (DDT), stability (STA), degree of softening (DS), water absorption (Wabs) (ICC standard method 115/1) and Hankoczy quality number (area triangle farinogram) (QN), were taken from a farinogram (ICC standard method 115), and extensibility (E), maximum resistance (R m ), ratio of resistance to extensibility (R/E) and 
Statistical analyses
The tests for quality evaluation were performed on samples taken from unreplicated plots.
Therefore, only one value per genotype in each environment was available and the complete interactive model could not have been tested. The applied additive model resulted with G × E as the residual variance. The calculated stability parameters contain both G × E and experimental error in the same data, which was assumed to be similar among the cultivars. Environments were defined by the year × location × sowing time (Y × L × T) combination. In total, data from 12 environments were available.
Components of variance due to genotypes (σ 2 G ), environments (σ 2 E ) and interaction (σ 2 G × E ) for all 13 investigated traits were expressed in percentage of total sum of variance components for the specified trait.
Four stability parameters were applied to the data chosen so that they cover a wide range of philosophies in stability analysis (Lin et al. 1986 ): the mean square deviation from regression of phenotypic values on environmental indices, s 2 di (Eberhart and Russell 1966) , the variance of a genotype across environments -stability variance σ 2 i (Shukla 1972) , the coefficient of variability of a genotype across environments cv i (Francis and Kannenberg 1978) , and the principal component of an additive main effects and multiplicative interaction (AMMI) analysis (Gauch 1992) . From AMMI analysis the distance of each genotype to the origin v i defined by the first two principal components axes was used as a stability parameter (Grausgruber et al. 2000) .
A cultivar was regarded as stable if its contribution to the G × E was less than average for three of four stability parameters, the average being defined as the mean of the respective stability parameter.
The simple test of mean differences between genotypes was carried out by analysis of variance where all the effects were treated as fixed. LSD test was performed where needed.
All analyses were conducted using SAS version 8.02 (SAS Inst. Inc. 1999 .
RESULTS AND DISCUSSION
Effect of genotype, environment and their interaction to the quality traits
The relative contribution of genotype (σ 2 G ), environment (σ 2 E ) and their interaction (σ 2 G × E ) to the total variation of 13 quality traits is shown in Table 3 . For all the traits investigated in this study, the component of variation due to genotype was larger than the component of variation due to the environment and varied from 31.64-65.79%. The largest contribution of genotype in the total variance was found for HFN, ZSV and WGC among indirect traits, for QN and DS among farinogram traits and for E among extensogram traits. These results are partially consistent with the results of Grausgruber et al. (2000) who found larger components of variation due to genotype for all extensogram traits and with the results of Graybosch et al. (1996) who found that the variances due to genotype were larger than the variances due to environment for ZSV, while for PC, the components of variance were of the same values. On the contrary, several other authors (Peterson et al. 1998 , Rharrabti et al. 2003 , but also Grausgruber et al. 2000 , for the majority Values printed in bold are lower than the mean Cultivars with lower values than the mean for three of four parameters are regarded as stable σ 2 i = stability variance, v i = distance to the origin, s 2 di = deviation mean square, CV FK = coefficient of variation of traits) found that the variances due to genetic effects were lower or equal to the variance due to environmental effects. Although the component of variance due to the genotype in our study is probably overestimated, because of the small influence of sowing time on the variability among environments. Its large contribution to the total variances indicates that genetic diversity among the four cultivars is high enough to be used for breeding improvements. A low contribution of the genotype to the total sum of variance components was found for STA and the majority of extensogram traits (R/E, AREA and R m ). Grausgruber et al. (2000) also found for STA and other farinogram traits lower variances for genetic effects than for environmental effects.
The components of variation due to environment varied from 13.75-33.95%. The largest contribution of the environment to the total variance was found for PC and WGC among indirect traits, for Wabs and STA among farinogram traits and for majority of extensogram traits. Indirect traits PC, WGC and Wabs (farinogram trait) were strongly influenced by the main effects of cultivar and environment.
The contribution of G × E effects in total sum of variance components varied between 12.46-42.55%. The highest G × E effects were found for some farinogram traits (STA and DDT) and for extensogram traits R/E, AREA and R m . According to the dynamic concept of stability (Becker and Leon 1988) , it is difficult to predict stability for the traits with high G × E effects.
The indirect traits PC and WGC as well as Wasb (farinogram trait) had the lowest G × E components with similar values. The values of the G × E component for PC and WGC were also similar to each other in the study of Grausgruber et al. (2000) .
In general, considering the contributions of genotypic, environmental and G × E effects to the total variance, genotype and environment had stronger influence on the variance for the majority of investigated traits than the G × E effects. Several other authors (Baenziger et al. 1985 , Robert and Denis 1996 , Peterson et al. 1998 ) also obtained low G × E component for quality traits.
Estimation of cultivar stability for quality traits
Calculated stability parameters for 12 quality traits are presented in Table 4 (data for R m are not shown because there was no cultivar regarded as stable for this trait). Kuna, Banica, Žitarka and Marija were stable for seven, six, four and three quality traits respectively (Table 5) . Kuna showed stability for indirect (PC, WGC, ZSV), farinogram (DDT), and extensogram (E, AREA, R/E) traits. For all of these traits, except AREA, Kuna showed not DDT it also showed a high level of performance. Žitarka had the highest mean value for farinogram trait Wabs, but was not stable in this trait. The substitution of the cultivar Žitarka as a quality check with another cultivar has been the subject of numerous discussions in Croatia. The results of this study will probably fasten this decision. Marija was stable for indirect trait HFN, and farinogram traits (DDT and STA), but unfavourable mean values for these traits decrease the significance of the stability detected. Although Marija was not stable for extensogram trait R/E, it had the best performance for this trait. Some cultivars were stable for some traits and unstable for some other, which is in accordance with results of Grausgruber et al. (2000) who suggested that the genetic factors involved in the control of the G × E interaction are different for different quality traits.
The newer cultivars Kuna and Banica showed in this investigation better performance and stability for a larger number of milling and baking quality traits compared to the two widely grown older cultivars Žitarka and Marija. The results indicate that the cultivars Kuna and Banica are suitable to be the checks in future investigations as well as parents in breeding programs for quality improvement. Furthermore, they can be grown with a lower risk of quality decrease in common agroecological conditions, which is of importance for the milling and baking industry as well as for the farmers alone.
